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OBJECTIVE — To provide a comprehensive assessment of multiorgan insulin sensitivity in 
lean and obese subjects with normal glucose tolerance. 

RESEARCH DESIGN AND METHODS — The hyperinsulinemic-euglycemic clamp pro- 
cedure with stable isotopically labeled tracer infusions was performed in 40 obese (BMI 36.2 ± 
0.6 kg/m^, mean ± SEM) and 26 lean (22.5 ± 0.3 kg/m^) subjects with normal glucose tolerance. 
Insulin was infused at different rates to achieve low, medium, and high physiological plasma 
concentrations. 

RESULTS — In obese subjects, palmitate and glucose in plasma decreased with increasing 
plasma insuUn concentrations. The decrease in endogenous glucose Ra was greater during low-, 
medium-, and high-dose insulin infusions (69 ± 2, 74 ± 2, and 90 ± 2%) than the suppression 
of palmitate (52 ± 4, 68 ± 1, and 79 ± 1%). Insulin-mediated increase in glucose disposal 
ranged from 24 ± 5% at low to 253 ± 19% at high physiological insulin concentrations. The 
suppression of palmitate and glucose R^ were greater in lean than obese subjects during low- 
dose insulin infusion but were the same in both groups during high-dose insulin infusion, 
whereas stimulation of glucose was greater in lean than obese subjects across the entire 
physiological range of plasma insulin. 

CONCLUSIONS — Endogenous glucose production and adipose tissue lipolytic rate are both 
very sensitive to small increases in circulating insuUn, whereas stimulation of muscle glucose 
uptake is minimal until high physiological plasma insulin concentrations are reached. Hyper- 
insulinemia within the normal physiological range can compensate for both liver and adipose 
tissue insulin resistance, but not skeletal muscle insulin resistance, in obese people who have 
normal glucose tolerance. 



Obesity is associated with a constel- 
lation of metabolic alterations that 
are risk factors for coronary heart 
disease, including diabetes, dyshpidemia, 
and nonalcohohc fatty liver disease (1). It is 
likely that insulin resistance in specific or- 
gan systems, namely adipose tissue, liver, 
and skeletal muscle, is involved in the path- 
ogenesis of these metaboHc abnormaUties 
(2,3). The effect of insulin resistance on 
daily glucose and free fatty acid (FFA) me- 
tabolism in obese people who do not have 
diabetes is unclear, however, because it is 
possible that hyperinsuUnemia associated 
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with obesity can overcome the defect in in- 
suUn action and normaUze metabolic func- 
tion. In fact, data from large studies have 
demonstrated that basal plasma glucose 
and FFA concentrations in obese people 
are not different than those in lean subjects 
(4). Accordingly, it is possible that many 
obese people have multiorgan insulin resis- 
tance and are at increased risk for develop- 
ment of metabohc diseases even when basal 
glucose and FFA concentrations are normal. 

The assessment of insulin action is 
complex because insulin has multiple 
metabolic functions that differ across organ 



systems and require different doses of in- 
sulin to achieve maximal effects (5). A mul- 
tistage hyperinsuUnemic-euglycemic clamp 
procedure (HE CP), conducted in conjunc- 
tion with isotopically labeled tracer infu- 
sions to measure substrate kinetics, can be 
used to determine simultaneously insulin 
action in the liver (suppression of glucose 
Ra into plasma), muscle (stimulation of glu- 
cose Rd from plasma), and adipose tissue 
(suppression of adipose tissue triglyceride 
lipolysis; i.e., glycerol and palmitate R^ into 
plasma). 

The primary purpose of the current 
study was to further understand the po- 
tential insulin-related metabolic dysfunc- 
tion associated with obesity by providing a 
comprehensive assessment of multiorgan 
insuHn sensitivity across a physiological 
range of plasma insulin concentrations in 
lean and obese subjects through the use of a 
multistage HECP in conjunction with sta- 
ble isotopically labeled glucose, palmitate, 
and glycerol tracer infusions. Only subjects 
who had normal fasting plasma glucose 
concentrations and who did not have 
impaired glucose tolerance or diabetes were 
included in this study to eliminate the po- 
tential confounding influences of basal 
hyperglycemia and diabetes therapy on the 
assessment of insulin action. Most obese 
people do not have impaired glucose toler- 
ance or diabetes, so our group represents 
the majority of the obese population (4). 
We hypothesized that hepatic glucose pro- 
duction and adipose tissue lipolytic rate are 
much more sensitive to insulin than is mus- 
cle glucose uptake. Basal hyperinsulinemia 
and physiological increases in plasma insu- 
lin concentration in obese subjects with 
normal glucose tolerance should therefore 
be able to overcome insuHn resistance in 
the liver and adipose tissue but not skeletal 
muscle, resulting in normal rates of endog- 
enous glucose production (EGP) and lipol- 
ysis but not glucose disposal. 

RESEARCH DESIGN AND 
METHODS— A total of 26 lean (BMI 
1 8.5-24.9 kg/m^) and 40 obese (30.3-44.2 
kg/m^) sedentary (<1 h of exercise per 
week) subjects participated in this study. 
Lean and obese subjects underwent a 
two-stage HECP in conjunction with stable 
isotopically labeled tracer infusions as part 
of previous studies (6,7) and for this study. 
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All subjects completed a comprehensive 
medical evaluation, which included a his- 
tory and physical examination, blood tests, 
and a 2-h oral glucose tolerance test. No 
subject had impaired fasting glucose or di- 
abetes or took medications that can affect 
glucose or lipid metabolism. All subjects 
gave their written informed consent before 
participating in this study, which was ap- 
proved by the Human Research Protection 
Office of Washington University School of 
Medicine in St. Louis, Missouri. 

Body composition analysis 

Body fat mass and fat-free mass (FFM) were 
determined by using dual-energy X-ray 
absorptiometry (Delphi-W densitometer; 
Hologic, Waltham, MA). 

HECP 

Subjects were admitted to the Clinical 
Research Unit at Washington University 
School of Medicine in the evening before 
the HECP. Between 1800 and 2000 h, 
subjects consumed a standard meal, con- 
taining — 12-15 kcal/kg FFM comprising 
55% carbohydrate, 30% fat, and 15% pro- 
tein. Subjects then fasted until completion 
of the HECP the next day. 

At 0500 h the next morning, one 
catheter was inserted into a forearm vein 
to infuse stable isotopically labeled tracers 
(Cambridge Isotope Laboratories, And- 
over, MA), dextrose, and insulin, and a 
second catheter was inserted into a radial 
artery in the contralateral hand to obtain 
blood samples. When radial artery cannu- 
lation was not possible, a catheter was 
inserted into a hand vein, which was 
heated to 55°C with a thermostatically 
controlled box, to obtain arterialized blood 
samples. A primed, continuous infusion of 
[6,6-^H2] glucose (priming dose 22.5 (xmol • 
kg~^, infusion rate 0.25 (xmol • kg~^ • 
min~"^) was started at 0600 h, followed 
at 0800 h by a continuous infusion of 
[2,2-^H2]palmitate (0.035 [xmol • kg"^ • 
min"^) or [U--^^C]palmitate (0.006 (xmol • 
kg~^ FFM~^ • min~^), and in obese sub- 
jects only, a primed, continuous infusion 
of [ 1,1, 2, 3, 3-^H5] glycerol (priming dose 
1.2 jjimol • kg~ , infusion rate 0.08 
fxmol • kg~^ • min~^) was administered. 
After 3.5 h of [6, 6-^H2] glucose infusion 
(basal period), a two-stage HECP was star- 
ted and continued for —6.5 h. Either 
[2,2-^H2]palmitate or [U-^^C]palmitate 
tracer infusion could be used to evaluate 
palmitate kinetics, because both tracers 
result in the same palmitate Ra values 
(B.W.P., S.K., unpublished observation). 



In all 26 lean subjects and in 14 obese 
subjects, insulin was infused at a rate of 
7 mU • m~^ body surface area (BSA) • min~ ^ 
(initiated with a priming dose of 28 mU • 
m~^ BSA • min~ for 5 min and then 14 
mU • m"^ BSA • min~ ^ for 5 min) for ~ 180 
min during stage 1. In the remaining 26 
obese subjects, insulin was infused at a 
rate of 20 mU • m~^ BSA • min~^ (initiated 
with a priming dose of 80 mU • m~^ BSA • 
min~^ for 5 min and then 40 mU • m~^ 
BSA • min~ ^ for 5 min) during stage 1 . In all 
66 subjects, insulin was infused at a rate of 
50 mU • m"^ BSA • min (initiated with a 
priming dose of 200 mU • m~^ BSA • min~ ^ 
for 5 min and then 100 mU • m~^ BSA • 
min~^ for 5 min) and continued for —210 
min during stage 2. These three different 
insulin infusion rates allowed assessments 
of adipose tissue and liver insulin sensitiv- 
ities (low-dose and medium-dose insulin 
infusion rates during stage 1 to suppress 
adipose tissue lipolysis and hepatic glucose 
production submaximally) and skeletal 
muscle insulin sensitivity (high-dose insu- 
lin infusion to stimulate muscle glucose 
uptake during stage 2) (3). Euglycemia 
(5.5 mmol/L) was maintained by infusing 
20% dextrose enriched to 2.5% with 
[ 6, 6-^H2] glucose at variable rates. The 
glucose, glycerol, and palmitate tracer in- 
fusion rates were decreased by 50% dur- 
ing stage 1 of the clamp procedure and by 
additional increments of 50% (glucose) 
and 75% (glycerol and palmitate) during 
stage 2 to account for the expected de- 
clines in hepatic glucose production and 
lipolytic rates. 

Analyses of samples 

Plasma glucose concentration was mea- 
sured with an automated glucose analyzer 
(Yellow Spring Instruments Co., Yellow 
Springs, OH). Plasma insulin and C-peptide 
concentrations were measured with a 
chemiluminescent immunoassay (Immulite 
1000; Diagnostic Products Corporation, 
Los Angeles, CA). Plasma FEA concentra- 
tions were determined by gas chromatog- 
raphy, and plasma glucose, palmitate, and 
glycerol tracer-to-tracee ratios in plasma 
were determined by using electron impact 
ionization gas chromatography-mass spec- 
trometry, as previously described (6,7). 
Triglyceride and cholesterol concentrations 
in plasma were measured enzymatically by 
using a Hitachi 917 autoanalyzer (Hitachi, 
Tokyo, Japan); LDL cholesterol was calcu- 
lated by using the Friedewald equation (8). 
Calculations. Isotopic steady-state con- 
ditions were achieved during the final 
30 min of the basal period and stages 1 



and 2 of the clamp procedure. Steele's 
equation for steady-state conditions was 
therefore used to calculate substrate kinet- 
ics (9). Glucose from plasma was equal 
to endogenous glucose Ra pli^s the rate of 
exogenously infused dextrose and glucose 
tracer. Palmitate and glycerol kinetics 
were expressed in micromoles per kilo- 
gram of fat mass per minute to provide 
an index of adipose tissue lipolytic activity 
in relation to the amount of endogenous 
fat stores and in micromoles per kilogram 
of FFM per minute to provide an index of 
FEA availability for lean tissues that use 
fatty acids for fuel. Portal vein and hepatic 
sinusoidal insulin concentrations in obese 
subjects were estimated from the mea- 
sured arterial insulin and C-peptide con- 
centrations according to the method of 
Staehr et al. (10). 

Statistical analyses 

Statistical analyses were performed with 
SPSS for Windows (version 17.0; SPSS, 
Chicago, IL). Results are reported as 
means ± SEM (normally distributed 
data sets) or medians and interquartile 
ranges (skewed data sets). Accordingly, 
the Student t test for independent samples 
or the Mann-Whitney U test were applied 
as appropriate to compare differences in 
subject characteristics and multiorgan in- 
sulin sensitivity between lean (n = 26) and 
obese (n = 14) subjects who received the 
same insulin infusion rates during the 
HECP (i.e., low- and high-dose infu- 
sions). The paired Student t test or the 
Wilcoxon signed rank test were used to 
evaluate the effect of insulin infusion on 
substrate kinetics within lean (n = 26) and 
obese (n = 14 for low-dose infusion [7 mU • 
m~^ BSA • min""^], n = 26 for medium- 
dose infusion [20 mU • m^^ BSA • min""^] , 
and n = 40 for high-dose infusion [50 mU • 
m~^ BSA • min~^]) groups. P < 0.05 was 
considered statistically significant. 

RESULTS 

Subject characteristics 

The characteristics of the study subjects are 
shown in Table 1. Although mean basal 
plasma glucose concentrations were not 
significantly different between lean and 
obese subjects, mean plasma insulin con- 
centration was threefold higher in the obese 
group than in the lean group. Mean plasma 
triglyceride concentration was greater in 
obese than lean subjects, and HDL choles- 
terol concentration was lower; however, 
LDL cholesterol concentration did not dif- 
fer between lean and obese subjects. Total 
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Table 1 — Characteristics of the study subjects 





Lean 


Obese 


All obese 


n (female/male) 


26 (20/6) 


14 (9/5) 


40 (27/13) 


Race (white/bla^^^^^^^^^l 


mill 


10/4/0 


31/9/0 


Age (years) 


56.5 (48.3-59.0) 


48.0 (37.3-56.3) 


42.5 (31.3-49.0)* 








Body fat (kg) 


19.0 ± 0.9 


38.0 ± 1.8* 


40.7 ± 1.2* 


FFM (kg) 


41.3 (37.4-45.9) 


58.5 (52.8-72.6)* 


58.5 (53.7-71.4)* 


Fasting plasma glucose (mmol/L) 


5.2 ± 0.1 


5.2 ± 0.1 


5.1 ± 0.4 


Fasting plasma insulin (pmol/L) 


16.5 (12.0-35.0) 


74.7(63.1-124.6)* 


74.7 (59.7-116.4)* 


Triglycerides (mmol/L) 


1.0 ± 0.1 


1.4 ± 0.1* 


1.4 ± 0.1* 


fgtal cholesterol (mmol/L) 


(4.2-5.5) M 


(3.8-4.5) m 


^^4 (4.0-4.9) 


LDL cholesterol (mmol/L) 


2.8 ± 0.2 


2.6 ± 0.2 


2.5 ± 0.1 


HDL ch o1 esteroBBBMI^^B 


1.5 ± 0.1 


1.0 ± 0.1* 


1.2 ± 0.1* ■ 


FFA (iJimol/L) 


583 ± 36 


619 ± 45 


528 ± 25 



Data are means ± SEM or medians (interquartile ranges). *P < 0.05 significantly different from corre- 
sponding value in lean subjects. 



plasma FFA concentration did not differ 
between lean and obese subjects. 

Insulin and C-peptide concentrations 
in obese subjects 

Three distinct systemic plasma insulin 
(SPI) concentrations, which spanned the 
physiological range, were achieved dur- 
ing the HE CP in obese subjects. Insulin 
infusion of 7, 20, and 50 mU • m~^ BSA • 
min""^ resulted in significantly different 
(P < 0.01) SPI concentrations of 151 ± 
13, 295 ± 19, and 595 ± 8 pmol/L, re- 
spectively. Plasma C-peptide concentra- 
tion at baseline was 0.79 ± 0.05 nmol/L. 
Neither the low-dose infusion (7 mU • m~^ 
BSA • min~^) nor the medium-dose in- 
fusion (20 mU • m~^ BSA • min^"^) re- 
sulted in significant changes in C-peptide 
concentrations from baseline (0.89 ± 
0.07 and 0.76 ± 0.08 nmol/L at the 
low- and medium-dose infusions, respec- 
tively). Plasma C-peptide concentration, 
however, decreased from baseline during 
high-dose insulin infusion to 0.58 ± 0.04 
nmol/L (P < 0.01). Portal and hepatic si- 
nusoidal insulin concentrations were esti- 
mated in obese subjects and were greater 
than SPI concentration during basal con- 
ditions and at all insulin infusion rates. 
During the basal stage, portal and hepatic 
sinusoidal insulin concentrations were 
215 ± 18 and 190 ± 16 pmol/L, respec- 
tively, values that increased with each pro- 
gressive increase in insulin infusion rate 
(P < 0.01) to 288 ± 29, 416 ± 33, and 
809 ± 43 pmol/L, respectively in the portal 
vein and 261 ± 26, 392 ± 31, and 766 ± 
39 pmol/L, respectively in the hepatic sinu- 
soids. The portal venous-to-peripheral insu- 
lin concentration gradient was assumed to 



be 2.4 pmol/L in the postabsorptive state 
(10) and decreased to 1.85 ± 0.5, 1.38 ± 
0.15, and 1.35 ± 0.2 pmol/L during low-, 
medium-, and high-dose insulin infu- 
sions, respectively (P < 0.01 vs. basal for 
all insulin infusion values). 

Substrate kinetics in obese subjects 

Palmitate and glycerol kinetics. Palmi- 
tate Ra and glycerol Ra decreased progres- 
sively with increasing plasma insulin 
concentrations (Fig. lA and B); however, 
the relative suppression of glycerol Ra was 
much less than the relative suppression of 
palmitate Ra at all insulin infusion rates 
(Fig. 2). The ratio of palmitate Ra to glyc- 
erol Ra thus decreased progressively as 
plasma insulin concentration increased 
from a basal value of 0.53 ± 0.02 to 
0.22 ± 0.01 iJimol during the high-dose 
insulin infusion (P < 0.01). 
Glucose kinetics. Endogenous glucose Ra 
decreased progressively with increasing 
plasma insulin concentrations (Fig. IC). 
The relative suppression of glucose Ra in- 
creased from 69 ± 2% during low-dose 
insulin infusion to 90 ± 2% during high- 
dose insulin infusion (P < 0.01) (Fig. 2). 
The relative suppression of glucose Ra 
was significantly greater than the relative 
suppression of palmitate Ra and glycerol 
Ra at all insulin infusion rates (P < 0.01) 
(Fig. 2). 

The change in glucose Rj during in- 
sulin infusion increased progressively 
with increasing insulin infusion rates 
(Fig. ID). The relative stimulation of glu- 
cose Rd (24 ± 5%) was lower than the rel- 
ative suppression of glucose Ra (69 ± 2%) 
during low-dose insulin infusion (P < 
0.01) (Fig. 1). Glucose Rd increased more 



than threefold relative to baseline during 
high-dose insulin infusion (Fig. ID). 

Comparison of insulin sensitivity in 
lean and obese subjects 

Multiorgan insulin sensitivity was com- 
pared in lean (n = 26) and obese (n = 14) 
subjects who received the same insulin 
infusion rates during the HFCP (i.e., 7 
mU • m"^ BSA • min"^ and 50 mU • 
m~^ BSA • min~^, respectively). In the 
lean group, insulin infused at 7 (low 
dose) and 50 (high dose) mU • m~^ BSA 
• min~ ^ resulted in significantly different 
(P < 0.01) SPI concentrations of 70 ± 7 
and 399 ±25 pmol/L, respectively. Dur- 
ing low-dose insulin infusion, the SPI 
concentration in lean subjects was 
—50% lower than the corresponding SPI 
concentration in obese subjects (P < 
0.01). During high-dose insulin infusion, 
it was —20% lower than in obese subjects 
(P < 0.05). Basal glucose Ra and Rd, ex- 
pressed as per kilogram of FFM, were 
greater in lean (16.3 ± 0.5 and 16.6 ± 
0.5 |xmol • kg FFM~^ • min~"^, respec- 
tively) than obese (12.7 ± 0.5 and 
13.1 ± 0.5 iJtmoD kg FFM" ^•min"\ re- 
spectively) subjects (P < 0.001), whereas 
palmitate Ra, expressed as per kilogram of 
FFM, was significantly higher in obese 
(2.1 ± 0.2 iJtmol • kg FFM"^ • min~^) 
than lean subjects (1.7 ± 0.1 [xmol • kg 
FFM"^ • min"^; P < 0.05). The suppres- 
sions of palmitate Ra and glucose Ra were 
greater in lean than obese subjects when 
plasma insulin concentrations were in the 
low physiological range but were the 
same in both groups when insulin con- 
centrations were in the high physiological 
range (Fig. 3). In contrast, the stimulation 
of glucose Rd during insulin infusion was 
greater in lean than obese subjects across 
the entire physiological range of plasma 
insulin concentrations (Fig. 3). 

CONCLUSIONS— Insulin resistance 
in liver (suppression of glucose produc- 
tion), muscle (stimulation of glucose up- 
take), and adipose tissue (suppression of 
lipolysis) is involved in the pathogenesis 
of many of the metabolic complications 
associated with obesity, including diabe- 
tes, dyslipidemia, nonalcoholic liver dis- 
ease, and the metaboUc syndrome. We 
evaluated insulin sensitivity during basal 
postabsorptive conditions and across a 
physiological range of plasma insulin 
concentrations designed to simulate 
those observed during postprandial con- 
ditions in lean and obese subjects who 
had normal oral glucose tolerance. Our 
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Figure 1 — Palmitate Ra (A), glycerol Ra (B), glucose Ra (C), and glucose R^ (D) at baseline 
(white bars) and during low-dose (speckled bars), medium-dose (hatched bars), and high-dose 
(black bars) insulin infusions in obese subjects. Values are means ± 5EM. *P < 0.01 significantly 
different from baseline. tP < 0.01 significantly different from lower insulin dose. FM,fat mass. 



data demonstrate that EG? and adipose 
tissue lipolytic rate are much more sen- 
sitive to insulin infusion than muscle 
glucose uptake; glucose production and 
lipolytic rate were nearly completely sup- 
pressed in both lean and obese subjects at 
plasma insulin concentrations that only 
minimally stimulated muscle glucose up- 
take. Although obese subjects demon- 
strated multiorgan insulin resistance 
relative to lean subjects, higher basal 
postabsorptive and higher "simulated" 
postprandial plasma insulin concentra- 
tions in the obese group were able to over- 
come the impairment in liver and adipose 
tissue insulin sensitivity so that glucose 
and FFA into plasma during basal con- 
ditions and high-dose insulin infusion 
were similar between the groups. In con- 
trast, insulin-stimulated muscle glucose up- 
take was —40% higher in lean than obese 
subjects during high-dose insulin infusion, 
despite higher insulin concentrations in 



the obese group. These results suggest that 
hyperinsulinemia can compensate for 
both liver and adipose tissue insulin re- 
sistance, but not skeletal muscle insulin 
resistance, in obese people who have nor- 
mal glucose tolerance. Impaired insulin- 
stimulated skeletal muscle glucose uptake, 
rather than suppression of hepatic glucose 
production or lipolysis of adipose tissue tri- 
glycerides, should therefore be considered 
the major manifestation of insulin resis- 
tance in obese people. 

We studied a group of lean subjects to 
serve as a comparison group for our obese 
subjects. Although relative to the lean group 
the obese group demonstrated evidence of 
insulin-resistant liver and skeletal muscle 
glucose metabolism and adipose tissue 
fatty acid metabolism during the HECP, 
basal glucose concentration was not sig- 
nificantly different between the two 
groups. The normalization of basal glucose 
metabolism was presumably caused by a 
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Figure 2 — Suppressions of glycerol Ra (white 
bars), palmitate Ra (hatched bars), and glu- 
cose Ra (black bars) during low-dose, medium- 
dose, and high-dose insulin infusions in obese 
subjects. Values are means ± SEM. *P < O.OI 
significantly different from glycerol suppres- 
sion. tP < 0.01 significantly different from 
palmitate suppression. 

threefold greater plasma insulin concen- 
tration in the obese than lean subjects, 
which compensated for the defect in in- 
sulin action. Thus, even though our obese 
subjects had normal fasting plasma glu- 
cose and oral glucose tolerance test results, 
they had evidence of multiorgan insulin 
resistance when challenged by an insulin 
infusion. These results underscore the com- 
plexity of evaluating the metabolic health 
of obese people. Although approximately 
one third of obese people are considered 
to be "metabolically normal" (11,12), it is 
likely that most of these individuals are "in- 
sulin resistant" with respect to glucose and 
fatty acid metabolism and therefore at in- 
creased risk for diabetes and coronary heart 
disease (13-15). 

Our data demonstrate that physio- 
logical hyperinsulinemia causes a greater 
suppression of EGP than glycerol Ra and 
palmitate Ra (Fig- 2). This observation is 
consistent with the results from the only 
previous study of which we are aware that 
evaluated the effect of insulin on EGP and 
adipose tissue lipolytic activity (assessed 
by glycerol kinetics) simultaneously in 
the same subjects (16); however, even 
though hyperinsulinemia caused greater 
maximal suppression of EGP than glyc- 
erol Ra, the half-maximal suppression of 
glycerol Ra occurred at a lower plasma in- 
sulin concentration than that required for 
half-maximal suppression of EGP. Evalu- 
ation of hepatic insulin sensitivity with 
respect to glucose metabolism by using 
the HECP is complex, however, because 
of the dual blood supply to the liver and 
the effects of insulin on other organ 
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Figure 3 — Correlation between systemic plasma 
insulin concentration and substrate kinetics in 
lean (Q; n = 26) and obese (• ; n = 14) subjects. 
A: Glucose (R^ = 1 and R^ = 0.968, respec- 
tively). B; Palmitate R^ (R^ = 0.9486 and R^ = 
0.988, respectively). C: Glucose Ra (R^ = 0.957 
and R^ = 0.932, respectively). Values are me- 
dians and interquartile ranges. 

systems that can affect glucose produc- 
tion. Normally, insulin is secreted from 
pancreatic p-cells into the portal vein 
and metabolized by the liver before enter- 
ing the systemic circulation. During basal 
conditions, portal vein insulin concentra- 
tion is ~ 2. 4-fold higher than systemic in- 
sulin concentration (10). Infusing insulin 
through a peripheral vein during the 
HECP decreases the gradient between 
portal and systemic insulin concentra- 
tions, so that the relationship between in- 
sulin delivered to the liver and insulin 
delivered to other organs changes with in- 
creasing insulin infusion. Furthermore, 
the extrahepatic effects of systemic insulin 
can decrease hepatic glucose production 
by suppressing adipose tissue lipolysis and 
circulating FFA (17), stimulating hypotha- 
lamic pathways (18), and inhibiting pancre- 
atic glucagon secretion (19). In addition. 



systemic insulin decreases FGP by the kid- 
ney (20), which can account for —25% of 
EGP during basal conditions (21). 

Infusions of palmitate and glycerol 
tracers are often used to evaluate adipose 
tissue lipolytic rate, because hydrolysis of 
1 mol adipose tissue triglyceride releases 
3 mol FFA and 1 mol glycerol into the 
bloodstream (22). We found that the sup- 
pression of palmitate Ra was always 
greater than the suppression of glycerol 
Ra during all rates of insulin infusion, in- 
dicating that there must be sources of 
glycerol release into plasma that are not 
suppressed by insulin. Palmitate released 
into plasma is derived primarily from li- 
polysis of adipose tissue triglycerides 

(23) ; however, plasma glycerol is derived 
from lipolysis of adipose tissue triglycer- 
ides, lipoprotein lipase-mediated lipoly- 
sis of circulating VLDL triglyceride, with 
spillover of glycerol into the bloodstream 

(24) , and glycerol released from lipolysis 
of intramyocellular triglycerides (25). An 
increase in circulating insulin inhibits ad- 
ipose tissue lipolysis and glycerol released 
from adipose tissue but stimulates adi- 
pose tissue lipoprotein lipase activity 
(26) and does not affect glycerol release 
from skeletal muscle (27). In addition, it 
is possible that increasing plasma insulin 
concentration stimulates re-esterification 
of FFA within adipocytes, preventing 
their release into the circulation (28). 
Thus, palmitate Ra provides an index of 
adipose tissue lipolytic rate and FFA avail- 
ability, whereas glycerol Ra provides an 
index of whole-body lipolytic activity. 

Although our groups were not ideally 
matched with respect to age, it is unlikely 
that the age differences confounded our 
results or conclusions. Both lean and obese 
subjects were middle-aged, and our obese 
subjects were slightly younger than our 
lean subjects. Therefore, the difference in 
age between groups could not have con- 
tributed to the insulin resistance observed 
in our obese subjects compared with our 
lean group, because insulin sensitivity 
declines with aging (29,30). 

In summary, even obese people who 
have normal oral glucose tolerance ex- 
hibit multiorgan insulin resistance rela- 
tive to lean subjects. A small increase in 
plasma insulin concentration suppresses 
glucose production and lipolytic rates, 
whereas stimulation of muscle glucose 
uptake is minimal until high physiologi- 
cal plasma concentrations of insulin are 
reached. This stepwise, integrated organ 
response to increasing insulin concentra- 
tions (and glucose availability) helps 



maintain euglycemia and ensure that 
adequate glucose is delivered to the brain 
while preventing unnecessary mobiliza- 
tion of endogenous energy stores when 
there is a small increase in glucose avail- 
ability; however, it prevents potentially 
toxic hyperglycemia when glucose avail- 
ability and plasma insulin concentrations 
are high. The hyperinsulinemia associ- 
ated with obesity helps normalize FGP 
and lipolytic rate but is not adequate to 
compensate for the defect in insulin- 
mediated skeletal muscle glucose uptake. 
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